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ABSTRAK 
Pengoksidaan keluli kromium (Cr) yang tinggi dalam persekitaran wap boleh 
menyebabkan ketahanan lapisan kromia (Cr2O3) terbantut dan tersejat yang mana akan 
mengurangkan ketahanan karat bahan dandang. Keadaan ini boleh menyebabkan 
pengurangan jangka hayat dandang atau kegagalan sewaktu beroperasi. Oleh itu, usaha 
untuk mengekalkan pembentukan lapisan kromia dalam persekitaran wap ini adalah 
penting supaya ia boleh digunakan untuk masa yang lebih lama dan pada suhu operasi 
yang lebih tinggi. Dalam kajian ini, pek penyimenan Cr, yang juga dikenali sebagai 
proses kromizing, diperkenalkan untuk menyerap Cr ke permukaan sampel keluli T91. 
Serapan Cr dijangka bertindak sebagai takungan untuk pembentukan lapisan pelindung 
Cr2O3 apabila keluli terdedah kepada pengoksidaan wap suhu tinggi. Sampel keluli 
diletakkan dalam campuran alumina yang mengandungi campuran paket serbuk Cr 
sebagai masteralloy, serbuk NH4Cl sebagai pengaktif, dan serbuk Al2O3 sebagai pengisi 
lengai. Bekas alumina kemudian dipanaskan di dalam relau tiub ke suhu yang 
ditetapkan untuk proses pek penyimenan. Persekitaran di dalam relau tiub disimpan 
dengan gas argon lengai yang tulen dialirkan dengan kelajuan 150 mL / min. Parameter 
yang dikaji dalam kajian ini ialah suhu penyimenan pek pada (600°C, 800°C dan 
1050°C) dan komposisi campuran pek pada (20wt.% Cr, 40wt.% Cr dan 60wt.% Cr). 
Masa untuk proses pek penyimenan ditetapkan selama dua jam. Untuk kesan suhu pek 
penyimenan, campuran pek adalah malar pada : 48wt.% Cr – 4wt.% NH4Cl – 48wt.% 
Al2O3. Field emission scanning electron magnetomenter/ energy dispersive X-ray 
(FESEM / EDX) menunjukkan bahawa Cr mula meresap ke dalam keluli dari 800°C. 
Cr-karbida dan Cr-nitrida juga terbentuk pada permukaan keluli yang mana 
kewujudannya disahkan oleh hasil analisa pembelauan sinar X. Pembentukan Cr-
karbida disebabkan oleh serapan keluar karbon dari keluli, dan Cr-nitrida juga boleh 
dibentuk dari serapan keluar N dan juga dari penguraian NH4Cl. Secara 
keseluruhannya, pek penyimenan pada 1050°C telah menunjukkan lapisan serapan yang 
paling homogen dan berterusan berbanding dengan 600°C dan 800°C dengan 
kedalaman Cr sekitar 40 μm. Dari eksperimen komposisi yang berbeza, tiga komposisi 
campuran pek yang berbeza dan kandungan pengaktif yang tinggi (20wt.% NH4Cl) 
dilakukan pada suhu 1050°C. Dari analisis FESEM / EDX, didapati kepekatan Cr dan 
NH4Cl yang tinggi menghasilkan kedalaman Cr yang lebih tinggi. 60wt.% Cr 
menghasilkan kedalaman Cr sekitar 64 μm dan juga lebih homogen berbanding 
komposisi lain. Cr-karbida dan Cr-nitrida juga dikesan di dalam dalam kesemua 
sampel. Pengoksidaan juga telah dilakukan pada 700ºC selama 90 jam di bawah 
keadaan wap. Telah didapati bahawa Cr2O3 masih wujud pada keluli dan kedalaman Cr 
tidak berubah dengan ketara selepas proses pek penyimenan. Keputusan ini 
menunjukkan pek penyimenan mampu menjadi takungan kepada pembentukan Cr2O3 
dalam pengoksidaan wap suhu tinggi, dan kewujudannya boleh digunakan untuk masa 
pengoksidaan yang lebih lama.   
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ABSTRACT 
The oxidation of high Chromium (Cr) steels in steam environment may cause 
retardation or evaporation of protective chromia (Cr2O3) layer, which reduces its 
corrosion resistance as boiler materials. This condition may cause reduction of boiler 
life time or failure during operation. Therefore, the effort to maintain the formation of 
Cr2O3 layer in this steam environment is crucial so that it can be used for longer 
operating time and at a higher operating temperature. In this research, pack cementation 
of Cr, also known as chromizing process, was introduced to diffuse Cr into the surface 
of T91 steel sample. The diffused Cr was expected to act as reservoir for the formation 
of Cr2O3 protective layer when the steel was exposed to high temperature steam 
oxidation. The steel sample was embedded inside an alumina crucible that contained 
pack mixtures of Cr powder as a masteralloy, NH4Cl powder as an activator, and Al2O3 
powder as an inert filler. The alumina crucible then was heated inside tube furnace to 
the expected temperature for the pack cementation process. The environment inside the 
tube furnace was kept inert by flowing pure argon gas at 150 mL/min. The parameters 
being observed in this research were temperature of pack cementation (600
o
-1050
o
C) 
and composition of pack mixture (20wt.% Cr - 60wt.% Cr). The time for pack 
cementation process was kept constant at two hours. In the effect of pack cementation 
temperature, the composition of pack mixture was constant at 48wt.% Cr – 4wt.% 
NH4Cl – 48wt.%  Al2O3. Field emission scanning electron/Energy dispersive Xray 
(FESEM/EDX) analysis showed that Cr started to diffuse into the steel from 800
o
C. Cr-
carbide and Cr-nitride also formed on the surface of the steel, in which its existence was 
confirmed by Xray diffraction (XRD) result. The formation of Cr-carbide was due to 
outward diffusion of carbon from the steel, and the Cr-nitride may also be formed from 
the outward diffusion of N and also from the decomposition of NH4Cl. Overall, the 
pack cementation heated at 1050
o
C has showed the most homogeneous and continuous 
diffusion layer as compared to heating at 600
o
C and 800
o
C, with Cr-depth about 40 μm. 
From the different composition experiment, three compositions of pack mixture with 
different Cr concentration and higher activator content (20wt. % NH4Cl) were observed 
at 1050
o
C. From FESEM/EDX analysis, it was found that higher concentration of Cr 
and NH4Cl produce higher Cr-depth. The 60wt.% Cr produced Cr-depth around 64 μm 
and also more homogeneous as compared to the other composition. Cr-carbides and Cr-
nitride were also detected in all samples. Furthermore, high temperature oxidation was 
conducted to the pack cemented steels at 1050
o
C. The oxidation was performed at 
700ºC for 90 hours under the steam condition. It was found that the Cr2O3 still existed 
on the steel, and the Cr depth did not significantly change after the oxidation process. 
These results showed that Cr from the pack cementation process was able to become 
reservoir for the formation of Cr2O3 in high temperature steam oxidation, and its 
existence could be used for a longer oxidation time. 
v 
TABLE OF CONTENT 
DECLARATION 
TITLE PAGE  
ACKNOWLEDGEMENTS ii 
ABSTRAK iii 
ABSTRACT iv 
TABLE OF CONTENT v 
LIST OF TABLES viii 
LIST OF FIGURES ix 
LIST OF SYMBOLS xii 
LIST OF ABBREVIATIONS xiii 
CHAPTER 1 INTRODUCTION 1 
1.1 Background of Research 1 
1.2 Problem Statement 4 
1.3 Objectives 5 
1.4 Scopes 5 
1.5 Organization of Thesis 6 
CHAPTER 2 LITERATURE REVIEW 7 
2.1 Fossil Fuel Power Plant 7 
2.1.1 Role of Superheater and Reheaters 9 
2.1.2 Ultra-supercritical (USC) of Power Plant 9 
vi 
2.2 Materials for Boiler in Power Plant 11 
2.2.1 Material for Ultra-supercritical Application 12 
2.3 High Temperature Oxidation 14 
2.3.1 Basic Concept of High Temperature Oxidation 14 
2.3.2 Mechanism Transport in High Temperature Oxidation 15 
2.4 High Temperature Steam Oxidation 17 
2.4.1 Steam Oxidation of Ferritic steels 18 
2.4.2 Scale Spallation 21 
2.4.3 Mechanism of High Temperature Steam Oxidation 23 
2.5 Pack Cementation Coating 25 
2.5.1 Chemical Reaction in Pack Cementation 26 
2.5.2 Choices of Component in Pack Mixture 28 
2.6 Summary 29 
CHAPTER 3 METHODOLOGY 30 
3.1 Introduction 30 
3.2 Project Framework 30 
3.3 Preparation of Research 31 
3.3.1 Fabrication of apparatus 31 
3.3.2 Sample Preparation 33 
3.4 Pack Cementation Process 35 
3.4.1 Powder Preparation 35 
3.4.2 The Pack Process 35 
3.4.3 Characterization Process 37 
3.5 High Temperature Steam Oxidation 37 
3.6 Characterization Technique 38 
vii 
3.6.1 X-ray Diffraction (XRD) 38 
3.6.2 Microstructure Analysis (FESEM/SEM-EDX) 39 
3.6.3 Weight Change after Steam Exposure 40 
CHAPTER 4 RESULTS AND DISCUSSION 42 
4.1 Introduction 42 
4.2 Dry and Steam Oxidation of T91 steel 42 
4.3 Pack Cementation of T91 steel 45 
4.3.1 Effect of Temperature to Pack Cementation Behaviour 45 
4.3.2 Different Composition for Pack Mixture 53 
4.4 Corrosion Testing- High Temperature Steam Oxidation 63 
4.5 Summary 76 
CHAPTER 5 CONCLUSION 78 
5.1 Conclusions 78 
5.2 Contribution of the Research 79 
5.3 Recommendations for Future Work 79 
REFERENCES 80 
APPENDIX A 92 
 
 
viii 
LIST OF TABLES 
Table  2.1  Changes in steam condition and effect on their efficiency. 10 
Table  2.2  Classification for Ferritic steels. 13 
Table  3.1 Nominal composition of the T91 substrate. 34 
Table  3.2 Characteristics of the powders for pack cementation. 35 
Table  3.3 Composition pack mixture for different temperature. 36 
Table  3.4 Compostion of Pack Powder. 37 
Table  4.1 Composition (wt.%) of marked region for 20wt.% Cr pack 
cementation. 58 
Table  4.2 Composition (wt.%) of marked region for 40wt.% Cr pack 
cementation. 60 
Table  4.3 Composition (wt.%) of marked region for 60wt.% Cr pack 
cementation. 62 
Table  4.4 Composition (wt.%) of marked region for 20wt.% Cr after 90h 
exposed to steam oxidation. 71 
Table  4.5 Composition (wt.%) of marked region for 40wt.% Cr after 90h 
exposed to steam oxidation. 73 
Table  4.6 Composition (wt.%) of marked region for 60wt.% Cr after 90h 
exposed to steam oxidation. 75 
 
ix 
LIST OF FIGURES 
Figure 1.1 Primary Energy Demand for Southeast Asia in 1990-2040. 1 
Figure 1.2 CO2 emission by sector in Malaysia. 2 
Figure 2.1 The schematic illustration for the fossil fuel power plant. 7 
Figure 2.2 The image of (a) Changes in live steam temperature over year; (b) 
power plant efficiency over year. 8 
Figure 2.3 Simplified model of the interaction between factors influencing 
technology innovation. 10 
Figure 2.4 Type of lattice diffusion: a) vacancy diffusion; b) interstitial 
diffusion; c) interstitialcy diffusion. 16 
Figure 2.5 Schematic illustration for mechanisms transport with: (a) mobile 
cation; (b) mobile anion. 17 
Figure 2.6 Oxidation rate versus various type of ferritic steel. 19 
Figure 2.7  Oxidation occur on 1wt.% Cr in 650ºC for 1000h. 20 
Figure 2.8  SEM image at 1000h for different temperature (a) 650ºC and (b) 
800ºC. 21 
Figure 2.9 Spallation of 9wt.% Cr steel after 6200h in steam oxidation. 22 
Figure 2.10  Exfoliation of oxide scale of T91 alloy. 22 
Figure 2.11  Scale exfoliation of 12wt.% Cr of ferritic steel. 23 
Figure 2.12 Schematic illustration for pack cementation process. 26 
Figure 2.13 Schematic illustration for pack cementation reaction. 27 
Figure 2.14 Chemical reaction for pack cementation of Cr. 27 
Figure 3.1 Flowchart for experimental result. 31 
Figure 3.2 Schematic diagram of pack cementation apparatus. 32 
Figure 3.3 Schematic diagram of steam oxidation apparatus. 32 
Figure 3.4 Steps of sample preparation. 34 
Figure 3.5 Powder preparation for pack mixture. 35 
Figure 3.6 Sealed alumina crucible with and sealed with alumina paste. 36 
Figure 3.7 Steps for high temperature steam oxidation. 38 
Figure 3.8 XRD image for T91 ferritic-martensitic steel. 39 
Figure 3.9 Image for function of FESEM . 40 
Figure 4.1 SEM cross sectional image high temperature oxidation in (a) dry 
condition and (b) steam condition. 42 
Figure 4.2 EDX analysis for spectrum I and II in dry condition. 43 
Figure 4.3 EDX analysis for spectrum I to II in steam condition. 44 
x 
Figure 4.4 The measurement for oxide layer after exposed to (a)dry condition 
and (b) steam condition. 45 
Figure 4.5 XRD spectrum image for pack cementation at 600ºC. 46 
Figure 4.6 BSE image with EDX mapping analysis for  pack cementation at 
600ºC. 47 
Figure 4.7 EDX linescan analysis for pack cementation at 600ºC. 48 
Figure 4.8 XRD spectrum image for pack cementation at 800ºC. 49 
Figure 4.9 BSE image with EDX mapping analysis for  pack cementation at 
800ºC. 50 
Figure 4.10 EDX linescan analysis for pack cementation at 800ºC. 50 
Figure 4.11 XRD spectrum image for pack cementation at 1050ºC. 51 
Figure 4.12 BSE image with EDX mapping analysis for pack cementation at 
1050ºC. 52 
Figure 4.13 EDX linescan analysis for pack cementation at 1050ºC. 53 
Figure 4.14 XRD spectrum image for different composition of pack mixture. 54 
Figure 4.15 Pack cemented steel for different composition; (a) 20wt.% Cr, (b) 
40wt.% Cr and (c) 60wt.% Cr. 55 
Figure 4.16  Microstructure of the coatings formed and cross sectional image 
with element depth profile measured by EDS 56 
Figure 4.17 BSE image with EDX mapping analysis for 20wt.% Cr pack 
cementation. 57 
Figure 4.18 EDX linescan analysis for 20wt.% Cr pack cementation. 58 
Figure 4.19 BSE image with EDX mapping analysis for 40wt.% Cr pack 
cementation. 59 
Figure 4.20 EDX linescan analysis for 40wt.% Cr pack cementation. 60 
Figure 4.21 BSE image with EDX mapping analysis for 60wt.% Cr pack 
cementation. 61 
Figure 4.22 EDX linescan analysis for 60wt.% Cr pack cementation. 62 
Figure 4.23 Cr diffusion depth for each composition. 63 
Figure 4.24 The T91 steel image of (a) bare steel and (b) exposed to 90h steam 
oxidation without pack cementation. 63 
Figure 4.25 XRD spectrum image for T91 non-pack sample exposed to steam 
oxidation. 64 
Figure 4.26 BSE image with EDX mapping analysis for non-pack steel exposed 
to 90h steam oxidation. 65 
Figure 4.27 EDX linescan analysis for non-pack steel exposed to steam 
condition. 66 
Figure 4.28 Surface thickness of oxide layer for 90h exposed to steam condition. 66 
xi 
Figure 4.29 XRD xpectrum image for 20wt.% Cr - 60wt.% Cr pack mixture 
exposed to 90h steam oxidation. 68 
Figure 4.30 Steel image after 90h exposure for (a) 20wt.% Cr; (b) 40wt.% Cr 
and (c) 60wt.% Cr. 68 
Figure 4.31 BSE image with EDX mapping analysis of 20wt.% Cr after exposed 
to 90h steam oxidation 69 
Figure 4.32 EDX linescan analysis with marked region for 20wt.% Cr after 
exposed to 90h steam oxidation. 70 
Figure 4.33 BSE image with EDX mapping analysis of 40wt.% Cr after exposed 
to 90h steam oxidation. 72 
Figure 4.34 EDX linescan analysis with marked region for 40wt.% Cr after 
exposed to 90h steam oxidation. 73 
Figure 4.35 BSE image with EDX mapping analysis for 60wt.% Cr exposed to 
90h steam oxidation. 74 
Figure 4.36 EDX linescan analysis with marked region for 60wt.% Cr after 
exposed to 90h steam oxidation. 75 
Figure 4.37 Graph of total mass gain after 90h exposure to steam oxidation. 76 
 
xii 
LIST OF SYMBOLS 

 Efficiency 
o
C Temperature unit in degree Celcius 
Tmax Maximum temperature 
Tmin Minimum temperature 
Wt.% Weight percent 
Δm Mass change 
 
xiii 
LIST OF ABBREVIATIONS 
Al2O3 Aluminium Oxide 
BSE Back-scattered electron 
Cr Chromium 
Cr2O3 Chromia 
CVD Chemical Vapour Deposition 
EDX Energy Dispersive X-ray 
EPMA Elemental Probe Microanalyser 
Fe2O3 Hematite 
Fe3O4 Magnetite 
FESEM Field Emission Scanning Electron Microscopy 
MPa Mega Pascal 
NH4Cl Ammonium Chloride 
SEM Scanning Electron Microscopy 
TEM Transmission Electron Microscopy 
XRD X-ray diffraction 
 
 
80 
REFERENCES 
A. Yamauchi, K. K., and H. Takahashi 2002. Evaporation of Cr2O3 in Atmospheres Containing 
H2O. 
Abdolahi, B., Shahverdi, H., Torkamany, M. & Emami, M. 2011. Improvement of the corrosion 
behavior of low carbon steel by laser surface alloying. Applied Surface Science, 257, 
9921-9924. 
Abe, H., Hong, S. M. & Watanabe, Y. 2014. High-Temperature Steam Oxidation Kinetics and 
Mechanism of Scwr Fuel Cladding Candidate Materials. Proceedings of the 21st 
International Conference on Nuclear Engineering - 2013, Vol 1. 
Aguero, A., Gonzalez, V., Gutierrez, M. & Muelas, R. 2013. Oxidation under pure steam: Cr 
based protective oxides and coatings. Surface & Coatings Technology, 237, 30-38. 
Aperador, W., Bautista-Ruiz, J. & Ruiz, E. 2016. Oving High Temperature Corrosion of the 
Steel Pipe High Pressure Boiler Coated By Titanium Carbonitride. International Journal 
of Chemical Sciences, 14. 
Asep Ridwan Setiawan, M. H. B. A., Mitsutoshi Ueda,Kenichi Kawamura & Maruyama, a. T. 
2010. Oxygen Permeability through Internal Oxidation Zone in Fe–Cr. 
Ashby, M. F., Shercliff, H. & Cebon, D. 2013. Materials: engineering, science, processing and 
design, Butterworth-Heinemann. 
Asteman, H., Svensson, J.-E., Norell, M. & Johansson, L.-G. 2000. Influence of water vapor 
and flow rate on the high-temperature oxidation of 304L; effect of chromium oxide 
hydroxide evaporation. Oxidation of Metals, 54, 11-26. 
Bacos, M. P., Landais, S., Morel, A., Rimpot, E., Rio, C., Sanchez, C., Hannoyer, B., Lefez, B. 
& Jouen, S. 2016. Characterization of a multiphase coating formed by a vapor pack 
cementation process to protect Nb-base alloys against oxidation. Surface & Coatings 
Technology, 271, 94-102. 
Bates, B. L., Zhang, Y., Dryepondt, S. & Pint, B. A. 2014. Creep behavior of pack cementation 
aluminide coatings on Grade 91 ferritic-martensitic alloy. Surface & Coatings 
Technology, 240, 32-39. 
81 
Beidari, M., Lin, S.-J. & Lewis, C. 2017. Decomposition analysis of CO2 emissions from coal-
sourced electricity production in South Africa. Aerosol and Air Quality Research, 17, 
1043-1051. 
Bhattacharya, S. 2017. State-of-the-art of utilizing residues and other types of biomass as an 
energy source. International Energy Journal, 15. 
Birks, N., Meier, G. H. & Pettit, F. S. 2006. Introduction to the high temperature oxidation of 
metals, Cambridge University Press. 
Bose, S. 2007. High Temperature Coatings. 1, 73-154. 
Boyd, I. W. 2013. Laser processing of thin films and microstructures: oxidation, deposition and 
etching of insulators, Springer Science & Business Media. 
Burnard, K. & Jiang, J. 2014. Emissions Reduction through Upgrade of Coal Fired Power 
Plants. In: AGENCY, I. E. (ed.). France. 
Callister, W. D. & Rethwisch, D. G. 2007. Materials science and engineering: an introduction, 
Wiley New York. 
Cao, Y., Wei, X., Wu, J., Wang, B. & Li, Y. 2007. Development of ultra-supercritical power 
plant in China. Challenges of Power Engineering and Environment. Springer. 
Caro, D., Davis, S. J., Bastianoni, S. & Caldeira, K. 2014. Global and regional trends in 
greenhouse gas emissions from livestock. Climatic change, 126, 203-216. 
Chandra, K., Kranzmann, A., Neumann, R. S., Oder, G. & Rizzo, F. 2015. High temperature 
oxidation behavior of 9–12% Cr ferritic/martensitic steels in a simulated dry oxyfuel 
environment. Oxidation of Metals, 83, 291-316. 
Cheng, T., Keiser, J. R., Brady, M. P., Terrani, K. A. & Pint, B. A. 2012. Oxidation of fuel 
cladding candidate materials in steam environments at high temperature and pressure. 
Journal of Nuclear Materials, 427, 396-400. 
Commission, E. 2016. Peninsular Malaysia Electricity Supply Energy Outlook 2016. Malaysia. 
Dal Magro, F., Xu, H., Nardin, G. & Romagnoli, A. 2017. Application of high temperature 
phase change materials for improved efficiency in waste-to-energy plants. Waste 
Management. 
82 
Dinis, L., Martínez, I., Roldán, É., Parrondo, J. & Rica, R. 2016. Thermodynamics at the 
microscale: from effective heating to the Brownian Carnot engine. Journal of Statistical 
Mechanics: Theory and Experiment, 2016, 054003. 
Dooley, R., Wright, I. & Tortorelli, P. 2007. Program on technology innovation: oxide growth 
and exfoliation on alloys exposed to steam. Palo Alto, CA: EPRI. 
Dudziak, T., Aukaszewicz, M., Simms, N. & Nicholls, J. 2016. Analysis of High Temperature 
Steam Oxidation of Superheater Steels Used in Coal Fired Boilers. Oxidation of Metals, 
85, 171-187. 
E. Essuman , G. H. M., J. Zurek , M. Hansel, W. J. Quadakkers 2008. The Effect of Water 
Vapor on Selective Oxidation of Fe–Cr Alloys. Oxidation of Metals, 69, 143-162. 
Ehlers, J., Young, D., Smaardijk, E., Tyagi, A., Penkalla, H., Singheiser, L. & Quadakkers, W. 
2006. Enhanced oxidation of the 9% Cr steel P91 in water vapour containing 
environments. Corrosion Science, 48, 3428-3454. 
Elbakhshwan, M. S., Gill, S. K., Rumaiz, A. K., Bai, J., Ghose, S., Rebak, R. B. & Ecker, L. E. 
2017. High-temperature oxidation of advanced FeCrNi alloy in steam environments. 
Applied Surface Science. 
Ennis, P. J. & Quadakkers, W. J. 2007a. Implications of steam oxidation for the service life of 
high-strength martensitic steel components in high-temperature plant. International 
Journal of Pressure Vessels and Piping, 84, 82-87. 
Ennis, P. J. & Quadakkers, W. J. 2007b. Mechanisms of steam oxidation in high strength 
martensitic steels. International Journal of Pressure Vessels and Piping, 84, 75-81. 
Essuman, E., Walker, L. R., Maziasz, J. & Pint, B. A. 2013. Oxidation behaviour of cast Ni-Cr 
alloys in steam at 800 degrees C. Materials Science and Technology, 29, 822-827. 
Fan, H. J., Gösele, U. & Zacharias, M. 2007. Formation of nanotubes and hollow nanoparticles 
based on Kirkendall and diffusion processes: a review. small, 3, 1660-1671. 
G. R. Holcomb, S. D. C., B. S. Covino, Jr., S. J. Bullard, M. Ziomek-Moroz 2005. Ultra 
Supercritical Steamside Oxidation. 
83 
Guoxin, H., Zhengxia, X., Jianju, L. & Yanhong, L. 2009. Microstructure and corrosion 
resistance of simultaneous Al–Fe coating on copper by pack cementation. Surface and 
Coatings Technology, 203, 3392-3397. 
H. Asteman, J.-E. S., and L.-G. Johansson 2001. Evidence for Chromium Evaporation 
Influencing the Oxidation of 304L The Effect of Temperature and Flow Rate. 
Haijun, Z. & Jianfeng, S. 2015. Effect of Y2O3 or CeO2 Fillers on the Oxidation Behavior of 
Aluminide Coatings by Low-temperature Pack Cementation. Rare Metal Materials and 
Engineering, 44, 2628-2632. 
Hanak, D. P. & Manovic, V. 2016. Calcium looping with supercritical CO 2 cycle for 
decarbonisation of coal-fired power plant. Energy, 102, 343-353. 
Hasanuzzaman, M., Zubir, U. S., Ilham, N. I. & Seng Che, H. 2017. Global electricity demand, 
generation, grid system, and renewable energy polices: a review. Wiley Interdisciplinary 
Reviews: Energy and Environment, 6. 
Hasegawa, S., Shiraki, I., Tanikawa, T., Petersen, C. L., Hansen, T. M., Boggild, P. & Grey, F. 
2002. Direct measurement of surface-state conductance by microscopic four-point probe 
method. Journal of Physics: Condensed Matter, 14, 8379. 
Holcomb, G. R. 2014. High Pressure Steam Oxidation of Ni-Base Superalloys in Advanced 
Ultra-Supercritical Steam Boilers and Turbines. 8th International Symposium on 
Superalloy 718 and Derivatives, 613-627. 
Houngninou, C., Chevalier, S. & Larpin, J. 2004. Synthesis and characterisation of pack 
cemented aluminide coatings on metals. Applied Surface Science, 236, 256-269. 
Huang, J.-L., Zhou, K.-Y., Xu, J.-Q. & Bian, C.-X. 2013. On the failure of steam-side oxide 
scales in high temperature components of boilers during unsteady thermal processes. 
Journal of loss prevention in the process industries, 26, 22-31. 
Huang, J. L., Zhou, K. Y., Xu, J. Q. & Xu, X. H. 2014. Probabilistic creep rupture life 
evaluation of T91 alloy boiler superheater tubes influenced by steam-side oxidation. 
Materials and Corrosion-Werkstoffe Und Korrosion, 65, 786-796. 
Huang, X. & Sanchez, R. 2016. Effect of water or steam pressure on the oxidation behaviour of 
alloy 625 and a286 at 625° c. CNL Nuclear Review, 5, 333-343. 
84 
Huntz, A., Bague, V., Beauplé, G., Haut, C., Severac, C., Lecour, P., Longaygue, X. & Ropital, 
F. 2003. Effect of silicon on the oxidation resistance of 9% Cr steels. Applied Surface 
Science, 207, 255-275. 
Idarraga, I., Mermoux, M., Duriez, C., Crisci, A. & Mardon, J. 2012. Raman investigation of 
pre-and post-breakaway oxide scales formed on Zircaloy-4 and M5® in air at high 
temperature. Journal of Nuclear Materials, 421, 160-171. 
Jaishankar, M., Tseten, T., Anbalagan, N., Mathew, B. B. & Beeregowda, K. N. 2014. Toxicity, 
mechanism and health effects of some heavy metals. Interdisciplinary Toxicology, 7, 60-
72. 
Jonsson, T., Karlsson, S., Hooshyar, H., Sattari, M., Liske, J., Svensson, J.-E. & Johansson, L.-
G. 2016. Oxidation after breakdown of the chromium-rich scale on stainless steels at high 
temperature: internal oxidation. Oxidation of Metals, 85, 509-536. 
Kanniche, M., Gros-Bonnivard, R., Jaud, P., Valle-Marcos, J., Amann, J.-M. & Bouallou, C. 
2010. Pre-combustion, post-combustion and oxy-combustion in thermal power plant for 
CO 2 capture. Applied Thermal Engineering, 30, 53-62. 
Khanna, A., Rodriguez, P. & Gnanamoorthy, J. 1986. Oxidation kinetics, breakaway oxidation, 
and inversion phenomenon in 9Cr-1Mo steels. Oxidation of metals, 26, 171-200. 
Khanna, A. S. 2002. High Temperature Oxidation and Corrosion, United State ofAmerica, 
ASM International. 
Kim, M. S., Park, J. S., Il Son, Y. & Park, J. S. 2015. Kinetics for Aluminum Coatings and 
Degradation Properties of Aluminide - Coated and pre-oxidized Haynes230 Alloys via 
Pack Cementation Route. Korean Journal of Metals and Materials, 53, 711-720. 
Kiyokazu Nakagawa, Y. M. a. T. Y. 2003. Corrosion behaviour of ferritic steels on the air sides 
of boiler tubes. 
Komai, N., Masuyama, F. & Igarashi, M. 2005. 10-Year Experience With T23 (2.25 Cr-1.6 W) 
and T122 (12Cr-0.4 Mo-2W) in a Power Boiler. Journal of pressure vessel technology, 
127, 190-196. 
Kumar, V. & Balasubramanian, K. 2016. Progress update on failure mechanisms of advanced 
thermal barrier coatings: A review. Progress in Organic Coatings, 90, 54-82. 
85 
Kurniawan, T., Fauzi, F. A. B. & Asmara, Y. P. 2016. High-temperature Oxidation of Fe-Cr 
Steels in Steam Condition–A Review. Indonesian Journal of Science and Technology, 1, 
107-114. 
Laverde, D., Gómez-Acebo, T. & Castro, F. 2004. Continuous and cyclic oxidation of T91 
ferritic steel under steam. Corrosion Science, 46, 613-631. 
Lee, J.-W. & Duh, J.-G. 2004. Evaluation of microstructures and mechanical properties of 
chromized steels with different carbon contents. Surface and Coatings Technology, 177, 
525-531. 
Lee, N.-H., Kim, S., Choe, B.-H., Yoon, K.-B. & Kwon, D.-i. 2009. Failure analysis of a boiler 
tube in USC coal power plant. Engineering Failure Analysis, 16, 2031-2035. 
Len, C. 2016. Southeast Asia Energy Transitions: Between Modernity and Sustainability by 
Mattijs Smits. Contemporary Southeast Asia: A Journal of International and Strategic 
Affairs, 38, 171-173. 
Leong, Y., Fauzi, F. A. & Kurniawan, T. 2016. High Temperature Oxidation Behavior of T91 
Steel in Dry and Humid Condition. 2. 
Lepingle, V., Louis, G., Petelot, D., Lefebvre, B. & Vaillant, J. High temperature corrosion 
behaviour of some boiler steels in pure water vapour.  Materials science forum, 2001. 
Trans Tech Publ, 239-246. 
Lewis, N. S. 2016. Research opportunities to advance solar energy utilization. Science, 351, 
aad1920. 
Li, Y. H., Wang, S. Z., Sun, P. P. & Li, X. D. 2014. Research on a Surface Shot Peeling Process 
for Increasing the Anti-oxidation Property of Super304H Steel in High-Temperature 
Steam. Materials Science, Environment Protection and Applied Research, 908, 77-80. 
Li, Y. Q., Xie, F. Q. & Wu, X. Q. 2015. Microstructure and high temperature oxidation 
resistance of Si-Y co-deposition coatings prepared on TiAl alloy by pack cementation 
process. Transactions of Nonferrous Metals Society of China, 25, 803-810. 
Lin, J., Sproul, W. D., Moore, J. J., Lee, S. & Myers, S. 2011. High rate deposition of thick CrN 
and Cr 2 N coatings using modulated pulse power (MPP) magnetron sputtering. Surface 
and Coatings Technology, 205, 3226-3234. 
86 
Lin, N., Guo, J., Xie, F., Zou, J., Tian, W., Yao, X., Zhang, H. & Tang, B. 2014. Comparison of 
surface fractal dimensions of chromizing coating and P110 steel for corrosion resistance 
estimation. Applied Surface Science, 311, 330-338. 
Liu, Z. J., Zhao, X. S. & Zhou, C. G. 2015. Improved hot corrosion resistance of Y-Ce-Co-
modified aluminide coating on nickel base superalloys by pack cementation process. 
Corrosion Science, 92, 148-154. 
Lu, X. & Xiang, Z. 2017. Formation of chromium nitride coatings on carbon steels by pack 
cementation process. Surface and Coatings Technology, 309, 994-1000. 
Machlin, E. 2010. An introduction to aspects of thermodynamics and kinetics relevant to 
materials science, Elsevier. 
Mahboubi, S., Jiao, Y., Cook, W., Zheng, W., Guzonas, D., Botton, G. & Kish, J. 2016. 
Stability of chromia (Cr2O3)-based scales formed during corrosion of austenitic Fe-Cr-
Ni alloys in flowing oxygenated supercritical water. Corrosion, 72, 1170-1180. 
Maziasz, P., Wright, I., Shingledecker, J., Gibbons, T. & Romanowsky, R. Defining the 
materials issues and research for ultra-supercritical steam turbines.  Proceedings to the 
Fourth International Conference on Advances in Materials Technology for Fossil Power 
Plants (Hilton Head, SC, Oct. 25-28, 2004), 2005. 
Mendes, N., Chhay, M., Berger, J. & Dutykh, D. 2017. Numerical methods for diffusion 
phenomena in building physics: A practical introduction. PUCPRess. 
Michel, G., Berthod, P., Vilasi, M., Mathieu, S. & Steinmetz, P. 2011. Protection of cobalt-
based refractory alloys by chromium deposition on surface Part I: Sub-surface 
enrichment in chromium by pack-cementation and diffusion. Surface & Coatings 
Technology, 205, 3708-3715. 
Mohd Hanafi Ani, T. K., Mitsutoshi Ueda, Kenichi Kawamura and Toshio Maruyama 2009. 
The Effect of Water Vapor on High Temperature Oxidation of Fe-Cr Alloys at 1073 K. 
Materials Transactions, 50, 2656-2663. 
Muller, I. & Muller, W. H. 2009. Fundamentals of thermodynamics and applications: with 
historical annotations and many citations from Avogadro to Zermelo, Berlin, Springer. 
Murata, Y., Nakai, M., Nagai, K., Morinaga, M., Sasaki, Y. & Hashizume, R. 2006. Beneficial 
effect of impurity sulfur on high-temperature steam oxidation of high chromium ferritic 
steels. High-Temperature Oxidation and Corrosion 2005, 522-523, 147-154. 
87 
Naji, A., Galetz, M. C. & Schutze, M. 2015. Improvements in the thermodynamic and kinetic 
considerations on the coating design for diffusion coatings formed via pack cementation. 
Materials and Corrosion-Werkstoffe Und Korrosion, 66, 863-868. 
Nakagawa, K., Matsunaga, Y. & Yanagisawa, T. 2001. Corrosion behavior of ferritic steels on 
the air sides of boiler tubes in a steam/air dual environment†. Materials at High 
Temperatures, 18, 51-56. 
Nakagawa, K., Matsunaga, Y. & Yanagisawa, T. 2003. Corrosion behavior of ferritic steels on 
the air sides of boiler tubes in a steam/air dual environment. Materials at high 
temperatures. 
Nakai, M., NAGAI, K., MURATA, Y., MORINAGA, M., MATSUDA, S. & KANNO, M. 
2005. Correlation of high-temperature steam oxidation with hydrogen dissolution in pure 
iron and ternary high-chromium ferritic steel. ISIJ international, 45, 1066-1072. 
Nieto Hierro, L., Rohr, V., Ennis, P. J., Schütze, M. & Quadakkers, W. J. 2005. Steam 
oxidation and its potential effects on creep strength of power station materials. Materials 
and Corrosion, 56, 890-896. 
Nishimura, N., Komai, N., Hirayama, Y. & Masuyama, F. 2014. Japanese experience with 
steam oxidation of advanced heat-resistant steel tubes in power boilers. Materials at High 
Temperatures. 
Opila, E. J. Volatility of common protective oxides in high-temperature water vapor: current 
understanding and unanswered questions.  Materials Science Forum, 2004. Trans Tech 
Publ, 765-774. 
Outlook, B. E. 2016. Edition, Outlook to 2035. Available online: https://www. bp. 
com/content/dam/bp/pdf/energy-economics/energy-outlook-2016/bp-energy-outlook-
2016. pdf (a cessed on 2 January 2017). 
Outlook, S. A. E. 2015. World energy outlook special report. France International Energy 
Agency (IEA). 
Pang, Q., Hu, Z. & Sun, D. 2016. The influence of Ce content and preparation temperature on 
the microstructure and oxidation behavior of Ce–modified Cr coating on open–cell Ni Cr 
Fe alloy foam. Vacuum, 129, 86-98. 
Pavi, V., Choquet, P. & Rapp, R. 1988. Thermodynamics of Simultaneous Chromizing-
Aluminizing in Halide-Activated Cementation Packs. DTIC Document. 
88 
Perez, E., Patterson, T. & Sohn, Y. 2006. Interdiffusion analysis for NiAl versus superalloys 
diffusion couples. Journal of phase equilibria and diffusion, 27, 659-664. 
Prasetya, D., Sugiarti, E., Destyorini, F. & Thosin, K. A. Z. 2012. The Influence of Cr and Al 
Pack Cementation on Low Carbon Steel to Improve Oxidation Resistance. International 
Conference on Physics and Its Applications (Icpap 2011), 1454, 234-237. 
Prillieux, A., Jullian, D., Zhang, J., Monceau, D. & Young, D. J. 2017. Internal Oxidation in 
Dry and Wet Conditions for Oxygen Permeability of Fe–Ni Alloys at 1150 and 1100° C. 
Oxidation of Metals, 87, 273-283. 
Pronobis, M. & Wojnar, W. 2012. The rate of corrosive wear in superheaters of boilers for 
supercritical parameters of steam. Engineering Failure Analysis, 19, 1-12. 
Purbolaksono, J., Khinani, A., Rashid, A. Z., Ali, A. A. & Nordin, N. F. 2009. Prediction of 
oxide scale growth in superheater and reheater tubes. Corrosion Science, 51, 1022-1029. 
Quadakkers, W., Thiele, M., Ennis, P., Teichmann, H. & Schwarz, W. 1997. Application limits 
of ferritic and austenitic materials in steam and simulated combustion gas of advanced 
fossil fuel fired power plants. EUROCORR'97., 2, 35-40. 
Sanchez, L., Hierro, M. & Perez, F. 2009. Effect of chromium content on the oxidation 
behaviour of ferritic steels for applications in steam atmospheres at high temperatures. 
Oxidation of metals, 71, 173-186. 
Sangster, A. J. 2010. Energy for a Warming World: A Plan to Hasten the Demise of Fossil 
Fuels, Springer Science & Business Media. 
Saunders, S. R. & McCartney, N. L. Current understanding of steam oxidation-Power plant and 
laboratory experience.  Materials science forum, 2006. Trans Tech Publ, 119-128. 
Schmidt, D., Galetz, M. & Schütze, M. 2013a. Deposition of manganese and cobalt on ferritic–
martensitic steels via pack cementation process. Oxidation of metals, 79, 589-599. 
Schmidt, D., Galetz, M. C. & Schutze, M. 2013b. Ferritic-martensitic steels: Improvement of 
the oxidation behavior in steam environments via diffusion coatings. Surface & Coatings 
Technology, 237, 23-29. 
89 
Schütze, M., Renusch, D. & Schorr, M. 2004. Parameters determining the breakaway oxidation 
behaviour of ferritic martensitic 9% Cr steels in environments containing H2O. 
Corrosion engineering, science and technology, 39, 157-166. 
Segerdahl, K., Svensson, J.-E., Halvarsson, M., Panas, I. & Johansson, L.-G. 2005. Breakdown 
of the protective oxide on 11% Cr steel at high temperature in the presence of water 
vapor and oxygen, the influence of chromium vaporization. Materials at high 
temperatures, 22, 69-78. 
Shanthakumar, S., Singh, D. N. & Phadke, R. C. 2008. Flue gas conditioning for reducing 
suspended particulate matter from thermal power stations. Progress in Energy and 
Combustion Science, 34, 685-695. 
Shibli, A. & Starr, F. 2007. Some aspects of plant and research experience in the use of new 
high strength martensitic steel P91. International journal of pressure vessels and piping, 
84, 114-122. 
Spliethoff, H. 2010. Solid fuels. Power Generation from Solid Fuels. Springer. 
Stanek, W., Szargut, J. & Usón, S. 2017. Fundamentals of Exergy Analysis. Thermodynamics 
for Sustainable Management of Natural Resources. Springer. 
Tedi Kurniawan, M. U., Kenichi Kawamura and Toshio Maruyama 2013. Phase Stability of 
Iron Oxides on Palladium-Iron Alloy at Elevated Temperatures and Its Application to 
High Temperature Oxidation. Materials Transactions, 54, 1829-1837. 
Terrani, K. A., Zinkle, S. J. & Snead, L. L. 2014. Advanced oxidation-resistant iron-based 
alloys for LWR fuel cladding. Journal of Nuclear Materials, 448, 420-435. 
Thongprasat, Y. 2013. Monte Carlo Simulation of Ultra-Supercritical Pulverized Coal-Fired 
Power Plant: Efficiency Improvement. Faculty of Graduate Studies and Research, 
University of Regina. 
Touloukian, Y. S. & Ho, C. 1970. Thermal expansion. Metallic elements and alloys. 
Thermophysical properties of matter-The TPRC Data Series, New York: IFI/Plenum, 
1970-, edited by Touloukian, YS| e (series ed.); Ho, CY| e (series tech. ed.). 
Tuurna, S., Yli-Olli, S., Penttilä, S., Auerkari, P. & Huang, X. 2016. Supercritical Oxidation of 
Boiler Tube Materials. Journal of Nuclear Engineering and Radiation Science, 2, 
021005. 
90 
Vaillant, J., Vandenberghe, B., Hahn, B., Heuser, H. & Jochum, C. 2008. T/P23, 24, 911 and 
92: New grades for advanced coal-fired power plants—Properties and experience. 
International Journal of Pressure Vessels and Piping, 85, 38-46. 
Viswanathan, R., Romanosky, R., Rao, U., Purget, R. & Johnson, H. Boiler materials for USC 
plant.  17 th annual conference on fossil energy materials, 2003. 22-24. 
Viswanathan, R., Sarver, J. & Tanzosh, J. M. 2006. Boiler Materials for Ultra-Supercritical 
Coal Power Plants—Steamside Oxidation. Journal of Materials Engineering and 
Performance, 15, 255-274. 
Wang, B., Gong, J., Wang, A., Sun, C., Huang, R. & Wen, L. 2002. Oxidation behaviour of 
NiCrAlY coatings on Ni-based superalloy. Surface and Coatings Technology, 149, 70-
75. 
Wright, I. G. & Dooley, R. B. 2013. A review of the oxidation behaviour of structural alloys in 
steam. International Materials Reviews, 55, 129-167. 
Wright, I. G. & Pint, B. An Assessment of the High Temperature Oxidation Behavior of Fe-Cr 
Steels in Water Vapor and Steam.  Corrosion 2002, 2002. NACE International. 
Xiang, Z., Rose, S. & Datta, P. 2006. Long-term oxidation kinetics of aluminide coatings on 
alloy steels by low temperature pack cementation process. Journal of materials science, 
41, 7353-7360. 
Yang, Z., Walker, M. S., Singh, P., Stevenson, J. W. & Norby, T. 2004. Oxidation Behavior of 
Ferritic Stainless Steels under SOFC Interconnect Exposure Conditions. Journal of The 
Electrochemical Society, 151, B669. 
Yeo, W., Fry, A., Purbolaksono, J., Ramesh, S., Inayat-Hussain, J., Liew, H. & Hamdi, M. 
2014. Oxide scale growth and presumed exfoliation in a 700 C or higher steam condition: 
A simulation study for future operations of ultra-supercritical power plants. The Journal 
of Supercritical Fluids, 92, 215-222. 
Young, D. J. 2008. High temperature oxidation and corrosion of metals, Elsevier. 
Yue-bo, Z., Hong-yu, C., Zhang, H.-j. & Yong-dong, W. 2008. Oxidation of Al2O3-dispersion 
chromizing coating by pack-cementation at 800℃. Journal of China Nonferrous Metals 
Society, 18. 
91 
Zandrahimi, M., Vatandoost, J. & Ebrahimifar, H. 2012. Pack Cementation Coatings for High-
Temperature Oxidation Resistance of AISI 304 Stainless Steel. Journal of Materials 
Engineering and Performance, 21, 2074-2079. 
Zhao, W. & Gleeson, B. 2013. Steam Effects on the Oxidation Behaviour of Al2O3-Scale 
Forming Ni-Based Alloys. Oxidation of Metals, 79, 613-625. 
Zhou, C., Yu, J., Gong, S. & Xu, H. 2002. Influence of water vapor on the isothermal oxidation 
behavior of low pressure plasma sprayed NiCrAlY coating at high temperature. Surface 
and Coatings Technology, 161, 86-91. 
Zhou, Y. H., Wang, L., Wang, G., Jin, D. L., Hao, W., Zhao, X. F., Zhang, J. & Xiao, P. 2016. 
Influence of substrate composition on the oxidation performance of nickel aluminide 
coating prepared by pack cementation. Corrosion Science, 110, 284-295. 
Zieliński, A., Golański, G., Sroka, M. & Dobrzański, J. 2016. Estimation of long-term creep 
strength in austenitic power plant steels. Materials Science and Technology, 32, 780-785. 
Zurek, J., De Bruycker, E., Huysmans, S. & Quadakkers, W. J. 2014. Steam Oxidation of 9% to 
12% Cr Steels: Critical Evaluation and Implications for Practical Application. Corrosion, 
70, 112-129. 
Zurek, J. & Quadakkers, W. J. 2015. Effect of Surface Condition on Steam Oxidation of 
Martensitic Steels and Nickel-Based Alloys. Corrosion, 71, 1342-1359. 
Żurek, J., Wessel, E., Niewolak, L., Schmitz, F., Kern, T.-U., Singheiser, L. & Quadakkers, W. 
2004. Anomalous temperature dependence of oxidation kinetics during steam oxidation 
of ferritic steels in the temperature range 550–650 C. Corrosion Science, 46, 2301-2317. 
